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© A method for determining pH or pC0 2 using 
luminescent lifetimes and energy transfer in 
which an energy transfer donor-acceptor pair is 
exposed to a sample to be analyzed, the donor 
of the donor-acceptor pair being photolumines- 
cent and the acceptor of the donor-acceptor 
pair being sensitive to the pH or pC0 2 of the 
sample. One or both of the donor-acceptor pair 
may be bound to a carrier. The sample is ir- 
radiated" and the resultant emission detected. 
By measuring the apparent luminescent 
lifetime, the pH or pC0 2 of the sample can be 
determined. 
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FIELD OF THE INVENTION 

The present invention relates to a method of de- 
termining pH and pC0 2 and, more particularly, to a 
method of determining pH and pC0 2 using lumines- 
cence lifetimes, e.g. fluorescence or phosphores- 
cence, and energy transfer. 

BACKGROUND OF THE INVENTION 



luminated and the resultant emission detected. As 
mentioned above, the donor is luminescent, and the 
effect of the pH or pC0 2 on the energy transfer caus- 
es a change in the apparent luminescent lifetime. By 
5 measuring the apparent luminescent lifetime, for ex- 
ample, by phase-modulation fluorometry or time- 
resolved fluorometry, the pH or pC0 2 of the sample 
can be determined. 

W BRIEF DESCRIPTION OF THE DRAWINGS 



Determination of pH and pC0 2 has a wide variety 
of clinical and analytical applications. Recently, it has 
been discovered that it is possible to determine pH 
and pC0 2 of a sample using fluorescent intensity 
measurements. See, for example, Yuan and Walt. 15 
"pH-Dependent Fluorescence of Merocyanine-Eosin- 
Labeled Water-Soluble Polymers", Macromolecules 
23, 4611-15 (1990). However, fluorescent intensity 
measurements are disadvantageous in that they can 
be inaccurate and/or imprecise in view of photo- 20 
bleaching, light scattering off the tissues in the case 
of in vivo clinical work and high-absorbance by the 
sample. 

Also, although it is generally known that the flu- 
orescent lifetime changes, as opposed to the intensi- 25 
ty, of a fluorescent emission can be measured, there 
is no suggestion in the prior art of fluorescent indica- 
tor molecules which would exhibit suitable lifetime 
changes to allow for the measurement of pH and 
pC0 2 using fluorescent lifetime measurements. 30 
Moreover, it is difficult to obtain the desired spectral 
properties, sensitivity to pH or pC0 2 , and the desired 
pK (dissociation constant) all within a single chromo- 
phore. 

35 

SUMMARY OF THE INVENTION 

The present invention overcomes the above dif- 
ficulties by providing a method for determining pH 
and pC0 2 using luminescent lifetimes and energy 40 
transfer. According to the method of the invention, an 
energy transfer donor-acceptor pair is exposed to a 
sample to be analyzed, the donor being photolumi- 
nescent and theracceptor being sensitive to the pH or 
pC0 2 of the sample. The energy transfer process de- 45 
pends, in part, on the value of the spectral overlap in- 
tegral, which, in turn, depends on the change in ex- 
tinction coefficient or shift in absorbance of the ac- 
ceptor caused by the hydrogen ion or carbon dioxide 
concentration of the sample. In this way. the energy 50 
transfer between the donor and acceptor is affected 
by the pH or pC0 2 of the sample. Alternatively, the 
donor could be sensitive to the sample, for example 
exhibiting a fluorescence shift, in response to pH or 
pC0 2 . This shift will result in a different spectral over- 55 
lap, a different rate of energy transfer, and hence life- 
time of the donor. 

According to the invention, the sample is then il- 



Figure 1 is a graphical representation of the ab- 
sorption spectra of certain fluorescent donors in 
accordance with the present invention; 
Figure 2 is a graphical representation of the emis- 
sion spectra of the donors shown in Figure 1; 
Figure 3 is a graphical representation of the car- 
bon dioxide-dependent absorption spectra of an 
acceptor, Phenol Red, in accordance with the 
present invention; 

Figure 4 is a graphical representation of the car- 
bon dioxide-dependent absorption spectra of an- 
other acceptor, Bromothymol Blue, in accor- 
dance with the present invention; 
Figure 5 is a graphical representation of pH ver- 
sus concentration of carbon dioxide; 
Figure 6 is a graphical representation showing 
uncorrected and corrected modulation frequency 
versus phase angle and modulation factor for the 
donor-acceptor pair Eosin-Phenol Red; 
Figure 7 is a graphical representation of modula- 
tion frequency versus phase angle and modula- 
tion factor for the donor-acceptor pair Rhodamine 
6G-Phenol Red; 

Figure 8 is a graphical representation of modula- 
tion frequency versus phase angle and modula- 
tion factor for the donor-acceptor pair Rhodamine 
B-Phenol Red; 

Figure 9 is a graphical representation of modula- 
tion frequency versus phase angle and modula- 
tion factor for the donor-acceptor pair Texas Red- 
Bromothymol Blue; 

Figure 1 0 is a graphical representation of concen- 
tration of carbon dioxide versus relative phase 
angle for the donor-acceptor pairs Eosin-Phenol 
Red, Rhodamine 6G-Phenol Red, and Texas 
Red-Bromothymol Blue; 

Figure 11 is a graphical representation of concen- 
tration of carbon dioxide versus relative modula- 
tion factor for the donor-acceptor pairs Eosin- 
Phenol Red. Rhodamine 6G-Phenol Red, and 
Texas Red-Bromothymol Blue; 
Figure 12 shows the overlap of the donor and ac- 
ceptor spectra for the Eosin-Phenol Red pair; and 
Figure 13 shows the relationship between phase 
angle and pH for the Eosin-Phenol Red pair. 
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DETAILED DESCRIPTION OF THE PRE FERRED 
EMBODIMENTS " ' 

According to the method of the invention, an en- 
ergy transfer donor-acceptor pair is exposed to a 
sample to be analyzed. For the purposes of the inven- 
tion, "sample" is to be broadly construed to include 
any compounds, surfaces, solutions, emulsions, sus- 
pensions, mixtures, cell cultures, fermentation cul- 
tures, cells, tissues, secretions -and/or derivatives or 
extracts thereof. Measurements in accordance with 
the method of the invention can be taken in vitro , in 
vivo and in situ . ' ~~ 

According to the invention, the donor of each do- 
nor-acceptor pair is photoluminescent. Suitable fluor- 
escent donors include eosin, rhodamine 6G, rhoda- 
mine B and Texas Red Hydrazide. The absorption 
spectra of these donors in 40 mM bicarbonate solu- 
tion at room temperature are shown in Figure 1. As 
can be seen from Figure 1, all donors can be excited 
at 543 nm, which allows the use of a HeNe laser as 
the light source, and the absorption spectra are, for 
the most part, independent of carbon dioxide concen- 
tration. The uncorrected emission spectra of these 
donors are shown in Figure 2. 

It is also contemplated that longer lived fluoro- 
phores, such as lanthanides and metal-ligand com- 
plexes, may be suitable as donors. The use of longer- 
lived fluorophores may be particularly useful in clini- 
cal measurements of blood samples because they 
provide for suppression of auto-fluorescence from tis- 
sue. It is also contemplated that longer wavelength 
absorbing donors may be used, which would allow the 
use of inexpensive laser diode light sources. 

Also according to the invention, the acceptor of 
each donoracceptor pair is sensitive to changes in pH 
or pC0 2 . It is contemplated that suitable acceptors 
may include Phenol Red, water-soluble Phenol Red 
and Bromothymol Blue. The carbon dioxide-depend- 
ent absorption spectra of Phenol Red is shown in Fig- 
ure 3. As can be seen from Figure 3, the absorption 
spectra of Phenol Red at 560nm decreases with in- 
creasing carbon dioxide concentration. Applicants 
found that the__absorption spectra of Phenol Red 
make it suitable as an acceptor for the donors Eosin, 
Rhodamine 6G, Rhodamine B and Texas Red. each 
with a different Forster distance. The carbon dioxide- 
dependent absorption spectra of Bromothymol Blue 
are shown in Figure 4. As can be seen from Figure 4, 
the longer wavelength absorption spectra of Bromo- 
thymol Blue make it suitable for the longer wave- 
length emitting donors. The donor and acceptor may 
be linked via a spacer and may be present in a known 
ratio. 

According to the invention, one or both of the do- 
nor-acceptor pair may be bound to a carrier, with co- 
valent bonding between the donor/acceptor and car- 
rier being acceptable and even desirable in some cas- 



es. Polymeric carriers, such as hydrogels, may be es- 
pecially useful in some applications. 

The method of the invention further includes the 
step of illuminating the sample with any suitable radi- 
5 ation source, such as a continuous wave (CW) laser, 
or a laser diode or the like. Light sources particularly 
suitable for use in the methods of the Present inven- 
tion include green helium-neon lasers. For measure- 
ment of lifetimes, the light sources must be intensity 
10 modulated at an appropriate frequency, or be pulsed 
with a suitably short pulse width. The resultant emis- 
sion may be filtered using, for example, a Corning 2- 
73 filter, and is then detected. 

In accordance with the present invention, energy 
15 transfer occurs between the donor and the acceptor. 
According to Forster resonance energy transfer theo- 
ry, the energy transfer process depends on the quan- 
tum yield of the donor, the overlapping of the emis- 
sion spectrum of the donor with the absorption spec- 
20 trum of the acceptor (i.e., the. spectral overlap inte- 
gral), and the relative distance and orientation be- 
tween the donor and the acceptor. The spectral over- 
lap integral, in turn, depends on the reduction in ex- 
tinction coefficient or shift in absorbance of the ac- 
25 ceptor caused by the hydrogen ion or carbon dioxide 
concentration of the sample. In this way, the energy 
transfer between the donor and acceptor is affected 
by the pH or pC0 2 of the sample. 

Applicants note that it is known to measure pH 
30 and pC0 2 by adding a luminescent ligand to the sam- 
ple to be analyzed in the form of a photoluminescent 
probe having intrinsic analyte-induced luminescent 
lifetime changes. See copending U.S. Application 
Serial No. 07/694,282 to Lakowicz et al., filed May 3, 
35 1991, the contents of which are incorporated herein 
by reference. In a preferred embodiment of the pres- 
ent invention, the intensity of the excitation radiation 
is modulated at a particular modulation frequency and 
the lifetime determined using known phase- 
40 modulation, i.e., frequency-domain, techniques. Al- 
ternatively, a pulsed radiation source may be used 
and the lifetime of the sample determined using 
known time-resolved methods. Both phase- 
modulation and time-resolved fluorometry methods 
45 are well known in the prior art, see Lakowicz, Princi- 
ples of Fluorescence Spectroscopy , Plenum Press, 
1983, Chapter 3. However, current instrumentation 
renders the phase-modulation method more expe- 
dient. For the sake of conciseness, only the phase- 
so modulation method will be discussed further herein, 
but it is understood that these same principles gen- 
erally apply to time-resolved measurements. 

When the sample is excited with radiation whose 
intensity is modulated, for example, in a sinusoidal 
55 manner, the time lag between absorption and emis- 
sion causes the emission to be delayed in phase and 
demodulated relative to the excitation radiation. This 
phase shift and the corresponding demodulation fac- 
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tor m are used to measure and calculate the photolu- 
minescent lifetime based on well known formulae. 
See, Lakowicz, supra . This, in turn, can be used to 
calculate the concentration of carbon dioxide, as 
shown in Figures 1 0 and 11 and described in more de- 5 
tail below. As shown in Figure 5, the concentration of 
hydrogen ions can be determined from the carbon di- 
oxide concentration and vice versa. Alternatively, it is 
contemplated that a suitable pH-sensitive donor or 
acceptor could be used and the conversion step elim- 10 
inated. For a specific example of instrumentation use- 
ful in conjunction with the present invention, see co- 
pending U.S. Application Serial No. 07/694,282 refer- 
red to above. 

15 

EXAMPLE 1 

Donor-acceptor pairs were prepared using the 
donor Eosin (concentration 5x1 0 -4 mol/l) and the ac- 
ceptor Phenol Red (concentrations 4x1 0 3 mol/l and 20 
6xT0- 3 mol/l). In each case, the donor and acceptor 
were in hydrogel, encased in a carbon dioxideperme- 
able silicon membrane. 

The frequency response of the donor alone and 
the donor with the lower acceptor concentration were 25 
measured, as shown in Figure 6. All frequency re- 
sponses. were measured with 560nm excitation using 
an R6G dye laser and a 600 nm interference filter for 
emission at 25°C. The samples were maintained with 
100% humidity. 30 

As can be seen in Figure 6, as the frequency in- 
creases, the phase angle increases and the modula- 
tion factor decreases. In this figure, the measured fre- 
quency-response of the donor with the acceptor (A- 
2) was corrected for a long-lived component, to obtain 35 
the corrected frequency-response (A-3). 

The donor was excited with a green acousto-opt- 
ically modulated HeNe laser. The carbon dioxide con- 
centration responses shown in Figures 10 and 11 
were measured at a selected modulation frequency of 40 
133 MHz. Samples were equilibrated with C0 2 /N 2 
mixtures from a two-tube gas blender with a high ac- 
curacy measuring valve. 

As can be seen from Figures 10 and 11. for the 
donor-acceptor pair Eosin-Phenol Red, as the con- 45 
centration of carbon dioxide increases, the relative 
phase angle also increases, while the modulation fac- 
tor decreases. Figure 12 shows the overlap of the 
emission spectra of the donor eosin with the absorp- 
tion spectra of the acceptor phenol red. Figure 13 50 
shows the relationship of phase angle and pH for the 
eosin-phenol red system. 

EXAMPLE 2 

55 

Donor-acceptor pairs were prepared using the 
donor Rhodamine 6G (concentration 5x1 0- 4 mol/l) 
and the acceptor Phenol Red (concentrations 



4x10- 3 mol/l and 6x1 0" 3 mol/l). As in Example 1, the 
donor and acceptor were in hydrogel, encased in a 
carbon dioxide-permeable silicon membrane. 

The frequency response of the donor alone and 
the donor with the lower acceptor concentration were 
measured, as shown in Figure 7. As in Example 1 , the 
frequency responses were measured with 560nm ex- 
citation using an R6G dye laser and a 600 nm inter- 
ference filter for emission at 25°C. The samples were 
maintained with 100% humidity. 

As can be seen in Figure 7, as the frequency in- 
creases, the phase angle increases and the modula- 
tion factor decreases, althoughsomewhat more dra- 
matically than in Example 1 . Interestingly, the accep- 
tor has a significant effect on the frequency response 
of the donor. 

As in Example 1, the donor was excited with a 
green acousto-optically modulated HeNe laser. The 
carbon dioxide concentration responses shown in 
Figures 10 and 11 were measured at a selected fre- 
quency of 133 MHz. Samples were equilibrated with 
C0 2 /N 2 mixtures from a two-tube gas blender with a 
high accuracy measuring valve. 

As can be seen from Figures 10 and 11, for the 
donor-acceptor pair Rhodamine 6G-Phenol Red, as 
the concentration of carbon dioxide increases, the 
relative phase angle also increases, while the modu- 
lation factor decreases, although to a lesser degree 
than in Example 1 . 

EXAMPLE 3 

Donor-acceptor pairs were prepared using the 
donor Rhodamine B (concentration IxlO -4 mol/l) and 
the acceptor Phenol Red (concentrations 6x1 0- 3 mol/l 
and 9x10~ 3 mol/l). As in the previous examples, the 
donor and acceptor were in hydrogel, encased in a 
carbon dioxide-permeable silicon membrane. 

The frequency response of the donor alone and 
the donor with the lower acceptor concentration were 
measured, as shown in Figure 8. As in the previous 
examples, the frequency responses were measured 
with 560nm excitation using an R6G dye laser and a 
600 nm interference filter for emission at 25°C. The 
samples were maintained with 100% humidity. 

As can be seen in Figure 8, as the frequency in- 
creases, the phase angle increases and the modula- 
tion factor decreases. The effect of the acceptor on 
the frequency response of the donor (C-2) is surpris- 
ing because it is in the direction opposite to the ex- 
pected result. This fact may be attributed to the donor 
being absorbed by the silicon in which it is encased, 
which was visually apparent. 

The carbon dioxide-dependent phase angles and 
modulation factors were not measured for this donor- 
acceptor pair. 



4 



7 



EP 0 552 107 A1 



8 



EXAMPLE 4 

Donor-acceptor pairs were prepared using the 
donor Texas Red (concentration 3x10- 5 moi/l) and the 
acceptor Bromothymol Blue (concentrations 2x1 0~ 3 
mol/l and 4x1 0- 3 mol/l). As in the previous examples, 
the donor and acceptor were in hydrogel, encased in 
a carbon dioxide-permeable silicon membrane. 

The frequency response of the donor alone and 
the donor with the lower acceptor concentration were 
measured, as shown in Figure 9. As in the previous 
examples, the frequency responses were measured 
with 560nm excitation using an R6G dye laser and a 
600 nm interference filter for emission at 25°C. The 
samples were maintained with 100% humidity. 

As can be seen in Figure 9, as the frequency in- 
creases, the phase angle increases and the modula- 
tion factor decreases, although somewhat more dra- 
matically than in Example 1. As in Example 2, the ac- 
ceptor has a significant effect on the frequency re- 
sponse of the donor. 

As in the previous examples, the donor was ex- 
cited with a green acousto-optically modulated HeNe 
laser. The carbon dioxide concentration responses 
shown in Figures 10 and 11 were measured at a se- 
lected frequency of 133 MHz. Samples were equili- 
brated with C0 2 /N 2 mixtures from a two-tube gas 
blender with a high accuracy measuring valve. 

As can be seen from Figures 10 and 11, for the 
donor-acceptor pair Texas Red-Bromothymol Blue, 
as the concentration of carbon dioxide increases, the 
relative phase angle also increases, while the modu- 
lation factor decreases, to a greater degree than in 
the other examples. 

The above is for illustrative purposes only. Modi- 
fications can be made within the scope of the inven- 
tion as defined by the appended claims. 



2. The method of claim 1, wherein the donor and ac- 
ceptor are bound to a carrier. 

3. The method of claim 2, wherein the donor and ac- 
5 ceptor are covalently bound to a polymeric carri- 
er. 

4. The method of claim 3, wherein the carrier is a 
hydrogel. 

w 

5. The method of claim 1, wherein the acceptor of 
the donor-acceptor pair is sensitive to the pH or 
pC0 2 of the sample. 

15 6. The method of claim 1, wherein the lifetime is cal- 
culated using phase-modulation fluorometry. 

7. The method of claim 1, wherein the lifetime is cal- 
culated using time-resolved fluorometry. 

20 

8. The method of claim 1 , wherein the donor is se- 
lected from the group consisting of Eosin, Rhoda- 
mine 6G t Rhodamine B and Texas Red Hydra- 
zide. 

25 

9. The method of claim 1, wherein the acceptor is 
selected from the group consisting of Phenol 
Red, water-soluble Phenol Red and Bromothy- 
mol Blue. 

30 

10. The method of claim 1, wherein the donor and ac- 
ceptor are linked via a spacer and are present in 
a known ratio. 

35 



Claims 



40 



A method of optically determining the concentra- 
tion of hydrogen ions or carbon dioxide, said 
method comprising the steps of: 

exposing an energy transfer donor-accep- 45 
tor pair to a sample to be analyzed, the donor or 
the acceptor of the donor-acceptor pair being 
sensitive to the pH or pCO a of the sample so that 
the energy transfer between the donor and ac- 
ceptor is affected by the sample, and the donor so 
of the donor-acceptor pair being photolumines- 
cent; 

exciting the sample with radiation; 
detecting the resulting emission; and 
calculating the apparent luminescence 55 

lifetime to determine the pH or the pC0 2 of the 

sample. 
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